Abstract: Information on single-nucleotide polymorphisms (SNPs) in hexaploid bread wheat is still scarce. The goal of this study was to detect SNPs in wheat and examine their frequency. Twenty-six bread wheat lines from different origins worldwide were used. Specific PCR-products were obtained from 21 genes and directly sequenced. SNPs were discovered from the alignment of these sequences. The overall sequence polymorphism observed in this sample appears to be low; 64 single-base polymorphisms were detected in~21.5 kb (i.e., 1 SNP every 335 bp). The level of polymorphism is highly variable among the different genes studied. Fifty percent of the genes studied contained no sequence polymorphism, whereas most SNPs detected were located in only 2 genes. As expected, taking into account a synthetic line created with a wild Triticum tauschii parent increases the level of polymorphism (101 SNPs; 1 SNP every 212 bp). The detected SNPs are available at http://urgi.versailles.inra.fr/GnpSNP. Data on linkage disequilibrium (LD) are still preliminary. They showed a significant level of LD in the 2 most polymorphic genes. To conclude, the genome size of hexaploid wheat and its low level of polymorphism complicate SNP discovery in this species.
Introduction
Single-nucleotide polymorphisms (SNPs) and small insertions-deletions (indels) are the most abundant forms of DNA sequence variations. Once SNPs are discovered, it is possible to genotype them using high-throughput automated methods. They can thus provide a huge number of useful markers for ultra-dense genetic mapping, population genetics, and evolutionary and genotype-phenotype association studies. Several authors have underlined the interest of developing SNP markers in plants (Rafalski 2002a (Rafalski , 2002b Buckler and Thornsberry 2002) .
Up to now, extensive SNP analyses in plants have been carried out for Arabidopsis thaliana, rice (Oryza sativa), maize (Zea mays subsp. mays L.), soybean (Glycine max L.), and barley (Hordeum vulgare). Arabidopsis, and rice genomes are the most completely sequenced plant genomes. For Arabidopsis, a large collection of SNPs was deduced from the comparison of the whole genomic sequence of 2 land races (http://www.arabidopsis.org/Cereon/). Likewise, The Arabidopsis Information Resource (TAIR; http://www. arabidopsis.org/jsp/tairjsp/pubDbStats.jsp, accessed 23 January 2006) also published information about 63 074 nucleotide substitutions. Similarly, rice genomes were sequenced from 2 subspecies (Oryza sativa subsp. indica and Oryza sativa subsp. japonica). The comparison of these genomes allowed the detection of SNPs (Feltus et al. 2004) . SNPs have been already used in Arabidopsis to study linkage disequilibrium (LD), which shows decay within 50 kb (Nordborg et al. 2005) . In maize, a high frequency of nucleotide changes (on average, 1 SNP every 30 bp) and a rapid decay of LD within 100-200 bp have been reported (Tenaillon et al. 2001; Remington et al. 2001; Ching et al. 2002) . In soybean, Zhu et al. (2003) provided a comprehensive study on sequence polymorphisms. These authors surveyed about 76 400 bp from 25 diverse genotypes. They found roughly 1 SNP every 273 bp, and concluded that mean nucleotide diversity in cultivated soybean is much lower than that observed in A. thaliana, the model selfing species. In addition, they estimated the LD from their data and concluded that, in contrast to reports on maize (Tenaillon et al. 2001; Remington et al. 2001) , there is little decay of LD over distances of about 50 kb; LD declined only at genetic map distances greater than 2.5 cM. In barley, the level of sequence polymorphism was reported to be approximately 1 mutation per 189 bases (Kanazin et al. 2002) , but was much higher (1 SNP every 50 bp) in another sample of accessions including elite lines, landraces of Hordeum vulgare, and wild accessions of Hordeum spontaneum (Russell et al. 2004) .
In bread wheat, SNP studies have been limited to single genes or DNA fragments (Giroux and Morris 1997; Peng et al. 1999; Morris 2002; Yanagisawa et al. 2003; Guillaumie et al. 2004; Boisson et al. 2005) allowing association studies or genetic mapping. The size of the bread wheat genome and its allohexaploidy make the identification of SNPs difficult, since variations in allelic sequences can be confused with homoeologous (differences between the copies of the A, B, and D genomes) and paralogous (differences in duplicate copies that may exist within a given genome) variations. Recently, systematic searches for SNPs in wheat have been initiated and many SNPs are available at http://wheat. pw.usda.gov/SNP/.
Our objective was thus to assess the frequency of sequencebased polymorphism in a sample of 26 hexaploid wheat genotypes using BAC (bacterial artificial chromosome) pooled DNAs to design locus-specific PCR primers. Twenty loci were surveyed for SNPs. We identified 64 single-base mutations (including 1 single-base deletion) in 10 out of these 21 loci.
Materials and methods

Plant material and DNA extraction
Twenty-six lines (Table 1) were sequenced to determine the frequency and nature of SNPs in Triticum aestivum. This sample was chosen from a large collection of genetic resources described and maintained at INRA, ClermontFerrand (France) . In this large collection, the accessions represented diverse geographical origins, growth habits (winter or spring type), and status (landraces, old or recent cultivars). Data concerning neutral polymorphism based on a set of 42 microsatellite loci (1 per chromosome arm) were also available (Roussel et al. 2004 (Roussel et al. , 2005 for most of these accessions. The 26 lines were chosen to maximize the variability in this collection using MSTRAT software (Gouesnard et al. 2001 ; http://www.montpellier.inra.fr/gap/ MSTRAT/mstratno.htm) based on the maximization of allelic richness at the 42 SSR loci. The synthetic hexaploid wheat T. aestivum 'W7984', which was generated using Triticum tauschii accession CIGM86.940 (DD) crossed with the tetraploid wheat, T. aestivum 'Altar 84' (AABB), by Dr. A Mujeeb-Kazi at CIMMYT, Mexico, was also studied, as it is a parental line used in the International Triticeae Mapping Initiative (ITMI).
A BAC library from T. aestivum 'Renan' (Chalhoub et al. 2003 ) was used to develop PCR primers. This BAC library corresponds to a 7Â genome coverage organised in seven 384-well plates. The nullitretrasomic, ditelosomic and deletion lines of T. aestivum 'Chinese Spring' (Sears 1966) allowed the chromosome assignation of amplicons.
Each seed used to obtain plantlets for DNA extraction came from a single head that was self-pollinated to avoid possible cross-pollination. All the plantlets for a given accession are thus considered genetically identical. Leaves were harvested from a pool of five 3-week old seedlings per accession and bulk genomic DNA was extracted from fresh leaves using the Sigma GenElute Plant Genomic DNA Kit (G2N-350, Sigma Aldrich, St. Louis, Mo.).
Candidate genes
The genes studied (Table 2 ) were known to be involved (i) in grain hardness (pina and pinb coding for puroindolines), (ii) in storage-protein synthesis, e.g., structural genes coding for high-molecular-weight glutenin subunits (HMW-GS) and transcriptional factors able to interact with them, and (iii) in global regulation of activated defence responses or in such disease-resistance mechanisms as Rar1, Sgt1, and Npr1.
SNP discovery
As wheat is a hexaploid species, the discovery of SNPs is hindered by the presence of 3 homoeologous genomes; consequently, genes are present in several copies, with some exceptions such as pina and pinb. Direct sequencing of genes from PCR products thus requires the preliminary design of locus-specific PCR primers to avoid co-amplification of the different copies. For standardization, all the primers were defined with a melting temperature between 55 and 65 8C using Oligo 6 1 software (Medprobe, Oslo, Norway) (Rychlik and Rhoads 1989) .
For genes coding for HMW-GS and puroindolines, locusspecific primers were designed from the alignment of sequences of all the copies available in public databases. For the other genes, designing locus-specific primers required several steps as follows: (i) deducing their structure from wheat ESTs aligned with wheat (if available) or rice genomic sequences to design PCR primers in conserved regions of putative exons; (ii) testing each primer pair by PCR (see PCR conditions) performed with the DNA from T. aestivum 'Renan' to discard pairs giving no band or a smear (this avoided wasting DNA from the BAC library); (iii) screening the BAC library with these primer pairs to obtain all the copies of the genes under study (PCR were done on each pooled row (24 wells) and column (16 wells) of each 384-well plate representing 1 genome equivalent; because each well in one plate contained less than a genome equivalent, a PCR product was likely the amplification of a single homoeologous sequence); (iv) sequencing PCR products obtained from the BAC library; and (v) designing locus-specific primers from the alignment of these products. Locus-specific primers were then validated by PCR on nullitretrasomic, ditelosomic, and deletion lines of 'Chinese Spring' (Sears 1966) . The primer pairs giving amplicons that could be assigned to only 1 chromosome, chromosome arm, or deletion bin were subsequently used for amplification of DNA from the 27 lines. The single-copy PCR products obtained were then sequenced. The sequences obtained were analyzed using the Staden software package (Staden et al. 2000) . Mutations detected in only 1 line (singleton) were checked by resequencing an independent amplification product.
PCR amplification and sequencing
PCRs were performed in a final volume of 25 mL containing 25 ng of genomic DNA, 250 mmol/L of each dNTP, 0.4 mmol/L of each primer, 1 U Taq polymerase (Qiagen, Valencia, Calif.) and 1Â Taq polymerase buffer. Cycling consisted of a touch-down profile as follows: 1 cycle at 94 8C for 4 min; 10 cycles at 948c for 1 min, 65 8C for 1 min (decreasing the annealing temperature by 1 8C/cycle in subsequent cycles), and 72 8C for 2 min; 30 cycles at 94 8C for 1 min, 55 8C for 1min, and 72 8C for 2 min; a final extension at 72 8C for 5 min. Amplification products were resolved on Tris-acetate-EDTA (TAE) 1Â 1.2% w/v agarose gels. After running for 30 min at 100 V, gels were stained with ethidium bromide for 20 min in a 1 mg/L solution and viewed on a UV table.
All PCR products were purified and sequenced using the Big Dye Sequencing kit according to the manufacturer's specifications (Applied Biosystems, Courtaboeuf, France). Sequence products were purified and loaded onto ABI3700 96 capillary sequencers.
Nucleotide diversity, haplotype definition, and LD estimation
To describe the diversity observed in the panel of 26 lines, we calculated the following sequence statistics: haplotype number and diversity (H d ), nucleotide diversity estimated by p (Tajima 1983) , and the mean pairwise differences, using DNASP software version 4.00 (Rozas et al. 2003) .
For each gene studied and for each genotype, a binary code was applied to the combinations of allelic haplotypes. A pairwise Jaccard (1908) distance matrix among the 26 lines was calculated from data and represented by a UP-GMA tree using Splus software (MathSoft Inc., Needham, Mass.).
LD was estimated using squared allele-frequency correlations (r 2 ; see Flint-Garcia et al. 2003 ) for pairs of polymorphic sites. A w 2 test was used to determine if the associations between polymorphisms were significant. Only sites with a frequency at least of 10% for the rarer allele were taken into consideration, because LD measures do not perform well with low allele frequency.
Results
All the results (sequences, primers, PCR conditions, polymorphisms) are available at http://urgi.versailles.inra.fr/ GnpSNP.
The panel of 26 lines was selected to represent a large part of the variability present in a collection of genetic resources used by breeders. It could thus be expected that this sample would permit the discovery of a large proportion of DNA polymorphism present in bread wheat. The genes are located on chromosomes from homoeologous groups 1, 3, 5, and 6 ( Table 2 ). The A, B, and D genome accounted for 3762, 9228, and 8458 bases, respectively.
Nucleotide diversity
A total of 21 448 bases were sequenced from DNA fragments of 21 genes for each line. A total of 64 single-base changes, 1 single-base indel, and 4 larger indels were identified (Table 3) . Out of the 64 mutations observed, 16 (25%) corresponded to singletons (polymorphism found in only 1 line), which often characterized T. aestivum 'Seu-Seun 27'. Transversions accounted for 48 SNPs (75%) and transitions for 16 SNPs (25%). The gene pina was deleted in some lines; this was considered an indel. Three large indels were detected in Glu-B1-1, the fourth being located in an intron of the B homoeologous gene coding for SPA. These data showed that wheat had, in this sample, an average of 1 SNP every 334 bases. The coding regions, representing 10 139 bases, contained 38 mutations, 1 single-base indel, and 2 larger indels. Among these changes, large indels having been discarded, 25 SNPs were non-synonymous; hence the ratio of synonymous to non-synonymous mutations was about 0.5. An average of 1 SNP every 267 bases was observed in coding regions, whereas the average was 1 SNP every 435 bases in non-coding regions. The presence of polymorphism varied considerably between DNA fragments (Tables 3 and 4) . No polymorphism was detected in 10 DNA fragments representing 7405 bases, of which 2818 bp were situated in coding regions (Table 3 ). These highly con-served fragments mostly concerned the genes involved in disease-resistance mechanisms. Two gene fragments provided 52 (81%) of the 64 SNPs observed.
Some of the genes studied here have already been investigated. Up to now, 4 alleles were reported for pina (Chen et al. 2006) . The 2 most frequent alleles were found in our sequences: the presence of the gene or its complete deletion described by Sourdille et al. (1996) . No polymorphism was detected in our sample when this gene was not deleted. Recently, Chen et al. (2006) described 12 alleles for pinb. In the sample of 26 lines, we detected 4 of these alleles: pinb-D1a, -D1b, -D1d, and -D1p (Giroux and Morris 1997; Lillemo and Morris 2000; Chen et al. 2006) .
Nucleotide diversity estimated by varied considerably from one gene to another and ranged from 0 for all the genes showing no polymorphism to 0.00623 for Glu-B1-1 with a mean value of 0.00055 (Table 4) . As expected, taking into account the synthetic line 'W7984' increased the level of polymorphism observed (Table 4) ; this led to 37 additional SNPs (1 SNP every 212 bp, mean value of & 0.0009). Most of these additional SNPs are in pinb, which is located on the 5D chromosome. 
Haplotype study and linkage disequilibrium
For polymorphic fragments, the number of haplotypes in the sample of 26 lines ranged from 2 to 5 with diversity values ranging from 0.077 for the homoeologous genes wPbf-A and -B to 0.644 for pinb (Table 4 ). The highest value for the number of haplotypes is observed for Glu-B1-1. Taking the average polymorphic fragment size as 1280 bp, the average number of SNPs per polymorphic fragment was about 6. Under the assumption that SNPs are randomly associated within a gene in an infinitely large population, there would be an average of 2 6 possible haplotypes per gene fragment, of which obviously a maximum of 26 could have been present in the collection sequenced. However, an average of only 3 haplotypes per polymorphic gene was observed (Table 4 ). This clearly suggested that SNPs are in strong LD within a gene. Two genes, Glu-B1-1 and the B-homoeologous gene coding for SPA, contained enough polymorphisms to calculate within-gene LD. As expected, in these 2 genes, LD, estimated as r 2 , showed significant values ranging from 0.6 to 1.
The UPGMA tree based on the observed combination of alleles showed no identical lines among the 26 genotypes studied (data not shown). In this sample, the most divergent lines from any other were 'Récital' and 'Seu-Seun 27'. If the sample of 26 lines studied in this work was actually representative of the diversity of bread wheat, the limited number of haplotypes suggested that SNP might be discovered by sequence analysis of a smaller set of lines with similar efficiency. For each studied gene, sequencing only one line per haplotype allows the detection of all the SNPs reported in this work. It appeared that all the polymorphisms could be identified in a minimal-size sample of 9 genotypes ('Opata', 'Chinese Spring', 'Seu-Seun27', 'Austro Bankut', 'Thatcher', 'Libellula', 'Récital', 'Malacca', and 'Frontana').
Discussion
Our results represent a new set of SNPs in Triticum aestivum L., discovered by genomic sequence analysis. This set of SNPs is available in GnpSNP. GnpSNP is a database of a web-based system composed of several applications built above a relational database that includes integrated schemas for sequence data, map data, transcriptome data, genomic and sequence annotation data, SNP data, and proteomic data (Samson et al. 2003) . The GnpSNP database allows the storage of various sequence polymorphisms (SNPs, insertiondeletion polymorphisms, and short tandem repeats), coming from different sequencing or genotyping technologies and obtained on different species. This release is available at http://urgi.versailles.inra.fr/GnpSNP and is the first public release of the application and its data. It is worth keeping in mind that the results reported here were obtained on particular samples of bread wheat lines and genes, and therefore any inference to other genes and (or) lines should be made with caution. Bread wheat is an autogamous species. Moreover, DNA was extracted from pooled plantlets of each accession that were produced from a single self-pollinated mother head. These plantlets were thus considered genetically identical. Therefore, in this work, variations that can exist within wheat cultivars are expected to be minimized.
The developed method was based on the design of genomespecific primers and thus the discovery of allelic variations by directly sequencing PCR-products. This method proved to be efficient at detecting polymorphism. Here, the design of specific primers depends on the differences between the sequences of each copy of the studied gene, which were obtained using the BAC library of 'Renan'. Designing specific primers can be done by an accurate in silico study of contigs of expressed sequence tags (ESTs) as suggested by Somers et al. (2003) .
Among the SNPs discovered, 25% were singletons. They were checked by resequencing independent amplicons, which confirmed their biological existence. This rate of single alleles in the panel of 26 lines is not surprising because these lines were chosen on the basis of their diversity. As expected, the data showed that transversions were more abundant than transitions. This study allowed us to estimate an average of 1 SNP for every 334 bp of genomic sequence including both coding and non-coding regions, and 1 SNP every 267 bp in coding regions. This was based on a sample of 26 lines. In wheat, Somers et al. (2003) detected 1 SNP every 540 bp of EST sequence using a bioinformatics strategy based on assembling ESTs from 12 cultivars under stringent conditions. The different levels of overall sequence polymorphism in coding regions observed in these 2 works can be explained by the different samples of lines studied (26 lines representative of worldwide diversity vs. 12 lines being a source of ESTs). These 2 studies reported that the level of polymorphism in wheat is actually lower than that reported for maize, barley, and soybean (Tenaillon et al. 2001; Ching et al. 2002; Kanazin et al. 2002; Zhu et al. 2003) . The mean value of nucleotide diversity (mean value of = 0.00055) confirmed the low level of diversity in this sample.
Most of the SNPs detected in this study (80%) were located in only 2 genes, Glu-B1-1 and the B-homoeologous gene coding for SPA. There was no sequence variation in half of the studied fragments. This suggests an uneven distribution of sequence variations. Several factors, such as natural selection or the heterogeneity of mutation rates across loci, lead to heterogeneity of genetic variability in plants.
As far as disease tolerance is concerned, most of the genes studied here were highly conserved with no polymorphism detected. The NPR1 gene controls the onset of systemic acquired resistance (SAR), one of the most important induced defence responses in plants. SAR is triggered after local infection with pathogens, causing hypersensitive necrosis, and is effective against a broad spectrum of plant pathogens (Ryals et al. 1996) . Different signal transduction pathways lead to SAR, but many of them result in a convergent complex in which RAR1 and SGT1 interact (Azevedo et al. 2002; Austin et al. 2002) . Thus Npr1, Sgt1, and Rar1 have major and central roles and some mutations or silencing analysis in barley, Nicotinia, and Arabidopsis have demonstrated that they were essential for several diseaseresistance genes (Shirasu et al. 1999; Spoel et al. 2003) . Therefore, the absence of polymorphism in these 3 genes may be explained in part by a considerable selection pressure in the course of wheat breeding.
Glu-B1-1 contains indels and many SNPs, most of them located in the coding sequence and being non-synonymous.
In this study, the ratio of synonymous to non-synonymous changes was 0.5. This value is lower than that observed in maize (2.8 in Tenaillon et al. 2001 ) and soybean (2.6 in Zhu et al. 2003) . Low nonsynonymous diversity may reflect purifying selection against nonsynonymous polymorphism conferring a lower fitness. Our result is thus surprising and can be explained by the presence of Glu-B1-1. Similarly, more polymorphisms were observed in coding than in noncoding regions. Salmaso et al. (2004) reported a similar result from grapevine. However, the presence of Glu-B1-1 in the set of genes studied explains this unexpected result. The very high level of sequence polymorphism in Glu-B1-1 is in agreement with that observed in Glu-A3 genes coding for certain low-molecular-weight glutenin subunits (Zhang et al. 2004b) . Genes coding for storage proteins have probably not been submitted to any selection pressure until very recently, and most of the many mutations observed in Glu-B1-1 and in Glu-A3 are likely to be selectively neutral.
The limited haplotype diversity observed in our data, and the high level of LD observed within 2 genes showed that nucleotide variability was not randomly distributed along the sequence, but was organised in specific combinations. Based on these data, there was no evidence of frequent intragenic recombination. The small number of haplotypes found suggests that Triticum aestivum evolved from a small number of founder genotypes. However, despite the small number of haplotypes detected per gene, we found no identical line when these haplotypes were studied together. Studying the haplotypes led us to identify a smaller set of 9 bread wheat lines containing all the SNPs detected. This set may facilitate the discovery of further SNPs. Ravel et al. (2006) reported the absence of LD between Glu-B1-1 and the B-homoeologous gene coding for SPA. These 2 genes were located in a 1.3 cM length region of chromosome 1BL. This lack of LD was therefore favourable for high-precision mapping through association studies However, LD in hexaploid wheat may vary according to the region of the genome and the material under study.
Taking into account the synthetic line 'W7984' led us to detect 37 additional SNPs, i.e. 101 SNPs in 21 448 bp (1 SNP every 212 bp), leading to a mean value of 0.0009. This result is in agreement with that reported by Bryan et al. (1999) . These authors detected 10 SNPs in 2370 bp from a sample including adapted hexaploid wheat and a synthetic line and estimated a mean value of 0.001. Synthetic lines result from crosses between durum wheat and T. tauschii, and may thus bring interspecific polymorphisms characterizing their parental lines. Previous studies have already revealed the higher diversity in synthetic wheat lines compared with non synthetic lines (Lage et al. 2003; Zhang et al. 2004a ).
In conclusion, the level of sequence polymorphism in bread wheat appeared to be rather low. This was expected from its evolutionary history. During the evolutionary history of hexaploid wheat, several bottlenecks occurred, one of them being linked to a recent step of interspecific hybridization that carried the D genome (Dvorak et al. 1998) . Such phenomena may have contributed to a dramatic reduction in population size, and therefore in the level of diversity and the number of haplotypes. However, using amphiploid lines may be a way to increase the genetic variability of hexaploid wheat.
